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characterization of V2O3 films
7.1 Introduction
The physical properties of V2O3 have been a subject of investigation, both
experimentally and theoretically, for many years. The starting impetus was
given in 1946 by Foex [1], who observed a metal – insulator transition in
this material at about 150 K. Later work has evidenced a rather complex
phase diagram with at least three regimes1 : paramagnetic metallic (PM),
paramagnetic insulating (PI), and antiferomagnetic insulating (AFI) [2, 3,
4, 5, 6]. Phase transitions may be induced by changes in temperature,
chemical composition or pressure. The metal – insulator transition from the
PM to the AFI phase takes place at about 150 K, whereas the PM to PI
transition occurs at approximately 200 – 300 K, see Fig. 7.1. By chromium
doping (1 – 2%), the PM to PI phase transition can be shifted to room
temperature. The metal – insulator transition from PM to PI is considered
to be a typical example of Mott transition.
The crystal structure is rhombohedral (corundum) in the PM and PI
phases; it becomes monoclinic in the AFI phase [7]. In corundum V2O3,
parallel vanadium and oxygen layers are alternately stacked along the c
axis. Within each vanadium layer the metal ions are arranged in a hexag-
onal, honeycomb configuration, see for example ref. [7]. The shortest V–V
distance is along the c direction. Along this axis, the nearest neighbor metal
ions form V–V pairs where the 3d− 3d (direct) interactions are believed to
be important.
Castellani et al. [9, 10] explained the complex phase diagram of V2O3 in
terms of orbital degeneracy effects. These authors assumed that only one of
1An antiferomagnetic metallic (AFM) phase also known as the spin-density-wave (SDW)
state, has been reported in V2−yO3 at temperatures below 9 K, see for example refs. [7, 8].
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Figure 7.1: Phase diagram for doped V2O3 [4, 5].
the two d electrons of each V3+ ion occupies a doubly degenerate e level2 .
The other electron participates in a rather strong covalent bond involving
adjacent V a1 orbitals along the c axis. In this model each vanadium ion has
an effective spin S=1/2. However, more recent experiments, i.e., polarized
neutron scattering [7, 8], resonant x-ray scattering at the vanadium K-edge
[11, 12], K-edge linear dichroism [13] and polarization-dependent L23-edge
x-ray absorption [14], indicate that each vanadium ion carries a spin moment
S=1, which suggests a high-spin ground state. In a localized picture, the
ground state of the V ion is presently described in terms of a mixture of
e1e1 and e1a1 configurations [14]. A comprehensive review of the latest
theoretical and experimental results can be found in a recent contribution
by Di Matteo et al. [15].
In this chapter we present an analysis of a number of physical properties
of V2O3 thin films epitaxially grown on Al2O3. This study was carried
out in relation with one of the main topics of this thesis, stoichiometry
determination of the VOx thin films. V2O3 was used as calibration sample
for the 18O2 - RBS (Rutherford backscattering spectrometry) measurements.
In order to prove the high quality of our V2O3 films we performed structural
and spectroscopic characterization by means of x-ray diffraction (XRD) and
x-ray absorption spectroscopy (XAS).
2Due to a small trigonal distortion the V t2g orbitals split into a nondegenerate a1 level
and a doubly degenerate e level.
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7.2 Experimental
V2O3 epitaxial thin films were grown on Al2O3(0001) substrates by reactive
e-beam evaporation from a high-purity V-metal rod, with the oxygen par-
tial pressure and the substrate temperature set at 10−6 mbar and 550◦C,
respectively. The Al2O3 substrates were cleaned by annealing at 600
◦C in
oxygen atmosphere. The growth was monitored in-situ by reflection high-
energy electron diffraction (RHEED). In-situ characterization of the films
was performed by means of low-energy electron diffraction (LEED) and x-
ray photoemission spectroscopy (XPS). The structural characterization was
completed by ex-situ x-ray diffraction (XRD). The XRD measurements al-
low also the determination of the film thickness. These measurements were
carried out with a Philips MRD diffractometer, equipped with a hybrid
mirror/monochromator for Cu Kα radiation, a 4-circle goniometer and a
programmable slit in front of the detector. Polarization-dependent XAS
measurements have been performed at the 11A Dragon beamline at the
Synchrotron Radiation Research Center Taiwan, using the total electron
yield mode. The light has a degree of linear polarization of 98% and an en-
ergy resolution of 0.16 eV for photon energies between 500 and 550 eV. The
spectra are normalized to the incident photon flux measured using a gold
mesh. The polarization vector E of the incident light is perpendicular or
parallel to the c hexagonal axis of the film. Resistivity measurements were
performed in a commercial Quantum Design PPMS system in the standard
four-point geometry.
7.3 Growth and structure of V2O3 films on Al2O3
An extensive study of the growth conditions and their influence on the
metal – insulator transition in V2O3 films was performed by Schuler et al.
[16, 17, 18]. These authors found that growth of high quality films can be
obtained only in a narrow temperature range between 500◦C and 600◦C.
They also found that the oxygen pressure and the growth rate have only a
minor influence on the film quality. We used similar growth conditions to
those given in refs. [16, 17, 18]. Despite the large lattice mismatch between
the Al2O3 substrate and the V2O3 film, approximately 4%, we could obtain
an epitaxial growth. The RHEED oscillations observed in the intensity of
the specular spot during growth indicate a layer-by-layer growth. RHEED
patterns of a clean Al2O3 substrate and of a 200 A˚ V2O3 film grown on top
of the substrate are shown in Fig. 7.2. The basic RHEED pattern did not
change, proving the same orientation as the underlaying substrate. RHEED
intensity oscillations obtained during the growth of the V2O3 film are shown
in Fig. 7.3 (a).
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(b)(a)
Figure 7.2: RHEED patterns recorded at an electron energy of 15 kV with the
incident beam along the [100] direction: (a) clean Al2O3(0001) substrate; (b)
200 A˚ V2O3 film grown on an Al2O3(0001) substrate.












Figure 7.3: (a) RHEED intensity oscillations of the specularly reflected electron
beam observed during deposition of V2O3 on Al2O3(0001). (b) LEED pattern of
an (0001) oriented V2O3 thin film grown on Al2O3(0001), taken with an energy
of 94 eV.
A sharp LEED pattern also indicates an excellent in-plane orientation,
see Fig. 7.3 (b). The three-fold symmetry in the ab plane (hexagonal LEED
pattern) is characteristic to the corundum structure. X-ray diffraction mea-
surements indicate that the film has the same orientation as the Al2O3(0001)
substrate. θ−2θ scans revealed, as expected, only the (006) and (0012)
peaks. Part of the θ−2θ scan around the (006) peak of the substrate is
shown in Fig. 7.4. The reflection from the V2O3 film is here broadened due
to the finite thickness. Subsidiary thickness fringes are also observed, which
indicates a well defined composition and thickness of the film.
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(006)V2O3
(006) Al2O3
Figure 7.4: θ−2θ x-ray diffraction measurements of a V2O3 film on Al2O3(0001)
substrate around the (006) peak of the substrate.
The c lattice parameter was determined from θ−2θ scans around the
Al2O3 (006) peak by using the Bragg law. This value was smaller than that
found in bulk single crystals, c = 13.96 A˚ versus c = 14.008 A˚ [19]. A c
value smaller than in the bulk crystal is quite surprising. Since the a lattice
parameter of the sapphire substrate is about 4% smaller than that of bulk
V2O3, one would expect for the V2O3 thin film a larger c value.
Consistent with the reduced value of the c parameter we found an in-
creased lattice constant in the ab plane. The lattice parameters in the ab
plane were determined from a series of θ−2θ scans at different ω around a
non-specular spot. In Fig. 7.5 we show the reciprocal space map obtained
from θ − 2θ versus ω scans around the non-specular reflection (3 -1 10),
common to the film and the substrate. The peak of the film has a differ-
ent k‖ than the peak of the substrate, see Fig. 7.5, which means that the
growth is relaxed. We carried out thickness-dependent experiments in order
to determine the critical thickness. We found that relaxation starts to occur
already for V2O3 films with a thickness of about 14 A˚ (6 monolayers). Our
estimation for the in-plane a lattice parameter is 4.98 A˚, as compared to
a = 4.95 A˚ for the bulk crystal [19].
The lattice mismatch induces strain in the film. The expansion of the
in-plane lattice parameters is similar to a negative pressure. Since the
metal – insulator transition is sensitive to pressure, this strain results in
a “broadening” of the metal – insulator transition, as seen in section 7.5 in
the temperature dependence of the electric resistivity. Analogy can be made
with Cr doping in the phase diagram shown in Fig. 7.1. The substitution



















Figure 7.5: XRD reciprocal space map around the non-specular (3 -1 10) re-
flection of a 200 A˚ thick V2O3 film. The logarithm of the diffracted intensity
as a function of the in-plane k‖ and out-of-plane k⊥ reciprocal lattice vectors is
plotted. The x and y axes are in units of 4pi/λ, with λ = 0.15015 nm.
of vanadium ions with chromium enlarges the lattice parameters as well.
Similar results were obtained by Schuler et al. [16]. These authors also
found that V2O3 films grown on Al2O3 always have a c lattice parameter
smaller than the bulk crystals. They discussed the origin of this negative
pressure-like effect in terms of an island type growth of V2O3 on sapphire.
They argued that an island-like growth is preferred in order to reduce the
stress in the film. As discussed in ref. [16], growth on a “spherical” surface
gives rise to an expansion of the in-plane a and b lattice parameters of the
film.
7.4 XPS and XAS measurements
The XPS measurements were performed in-situ, using nonmonocromatic Al
Kα radiation. The binding energies found for the V 2p peaks are similar to
the values known for bulk V2O3, see for example ref. [20]. XPS was mainly
used for a chemical analysis of our films.
In principle, vanadium pentoxide V2O5 may also form at high substrate
temperatures as those used for the growth of the V2O3 films. However, the
XPS data indicate that no V2O5 is present in our samples. We note that
the presence of V5+ ions can be easily detected due to the large chemical
shift relative to the XPS spectrum of V3+.
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Figure 7.6: V L23 x-ray absorption spectrum of a 200 A˚ thick V2O3 film.
In order to verify the oxidation state of the vanadium ions we also per-
formed x-ray absorption measurements at the V L23 (i.e., 2p → 3d) edge.
The results are shown in Fig. 7.6 (a), (b), for two different temperatures, 300
K (PM phase) and 77 K (AFI phase). The V 2p x-ray absorption spectra
are mainly determined by on-site V 2p→ 3d transitions [22, 23]. In Fig. 7.6,
the strong peak at hν ≈ 512 − 518 eV corresponds to the L3 (2p3/2 → 3d)
edge, whereas the second major feature at hν ≈ 518− 528 eV corresponds
to the L2 (2p1/2 → 3d) absorption edge [14, 21]. Due to the presence of a
small trigonal distortion associated with the corundum structure, the V t2g
orbitals split into a nondegenerate a1 level oriented along the c hexagonal
axis and a planar, doubly degenerate e level. The XAS transition proba-
bility to an empty a1 or e state depends strongly on the orientation of the
polarization vector E with respect to the c vector of the hexagonal basis
[14]. Our XAS data show that the E‖c spectra are indeed clearly different
from the E⊥c absorption, see Fig. 7.6 (a), (b).
Our V L23 absorption spectra are very similar to those reported by Park
et al. [14, 21] for V2O3 bulk single crystals. We can safely conclude that
the oxidation state of the vanadium ions is 3+.
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Figure 7.7: Resistivity versus temperature for a 200 A˚ thick V2O3 film, loga-
rithmic scale.
7.5 Resistivity measurements
Schuler et al. [17] observed that the metal – insulator transition in VO2/TiO2
thin films occurs at about the same temperature as in bulk VO2, whereas
in V2O3/Al2O3 films the metal – insulator temperature transition interval
is much broader as compared to the bulk crystal. This difference was at-
tributed to the strain induced by the lattice mismatch between the substrate
and the film, which is stronger in the latter case [17]. The insertion of a
Cr2O3 buffer layer, which has a similar lattice constant with V2O3, deter-
mines a much sharper metal – insulator transition, with a drop in resistivity
similar to that in bulk V2O3. The authors of refs. [17, 18] also showed
that the “width” of the metal – insulator transition depends very much on
thickness, thicker films having a sharper metal – insulator transition.
The temperature dependence of the resistivity for a 200 A˚ thick V2O3
film grown on Al2O3 is shown in Fig. 7.7. Below approximately 170 K, the
resistivity of our V2O3 sample increases rapidly with decreasing tempera-
ture. From the resistivity data, there is no clear indication for a metal –
insulator transition in our film. However, as mentioned above, the temper-
ature interval where the transition from the metallic to the insulating state
occurs may be considerably broad, due to the small thickness of our film
and the strain induced by the substrate. For example, Schuler et al. [17]
reported for a 200 A˚ thick V2O3 film grown directly on an Al2O3 substrate
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a metal – insulator temperature transition interval ∆T >80 K.
7.6 Summary
We have grown epitaxial thin films of V2O3 on Al2O3 substrates. V2O3
was employed as calibration sample in 18O2 - RBS experiments performed
for determining the stoichiometry of vanadium monoxide films. The V2O3
films have an excellent in-plane orientation as well as in the c direction. The
films are under tensile strain, which is equivalent with a negative pressure.
We determined by means of x-ray diffraction that the c lattice parameter
is smaller than the corresponding value in bulk crystals. X-ray absorption
measurements clearly show that the oxidation state of the V ions is 3+.
We also observed a strong polarization dependence in the V L23 absorp-
tion spectra of our V2O3 films, similar to the XAS polarization dependence
reported for bulk V2O3.
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